Sohal, Vikaas S., Charles L. Cox, and John R. Huguenard. changes, and the CCK8S response is blocked by the potasLocalization of CCK receptors in thalamic reticular neurons: a sium channel blocker Cs / (Cox et al. 1995). However, voltmodeling study. J. Neurophysiol. 79: 2827Neurophysiol. 79: -2831Neurophysiol. 79: , 1998. In an age-clamp recordings in this study revealed a reversal potenearlier experimental study, intracellular recording suggested that tial for the CCK8S response that was significantly more cholecystokinin (CCK) suppresses a K / conductance in thalamic hyperpolarized than the equilibrium potential of potassium. reticular (RE) neurons, yet the reversal potential of the CCK re-Here we develop computational models based on intracellu- 
the nonnegligible series resistance of the voltage-clamp electrode, a hyperpolarization-activated mixed cation current (I h ) in RE neuAll of the simulations reported here were performed using rons, and the dendritic location of CCK-sensitive K / channels. NEURON (for more details, see Hines and Carnevale 1997) . We Although suppression of g K in the dendritic compartments of model simulated the behavior of RE neurons using 80-and 3-compartment RE neurons simulates both the magnitude and reversal potential models developed in an earlier study (Destexhe et al. 1996) . The of the CCK response, suppression of g K in just the somatic compart-80-compartment model was based on the biocytin-stained RE neument of model RE neurons fails to do so. Thus the model predicts ron shown in Fig. 1 of Huguenard and Prince (1992) . The 3-that CCK should effectively suppress K / conductance RE neuron compartment model had been generated from the 80-compartment dendrites and thereby regulate burst firing in RE neurons. This model by collapsing several dendritic compartments into equivalent may explain the potent effects of CCK on intrathalamic oscillations cylinders (Bush and Sejnowski 1993); because the membrane area in vitro.
of each equivalent cylinder did not equal that of the collapsed compartments, the passive membrane conductance and membrane capacitance in each equivalent cylinder were rescaled by a correc- 78 (Destexhe et al. 1996) .
Thalamocortical rhythm generation depends on reciprocal interplay between thalamic and cortical circuits (reviewed Model geometry and passive properties by Steriade et al. 1993) , and the thalamic reticular nucleus
The three compartments in the reduced model correspond to the appears to play a key role especially in sleep spindles (Sterisoma, proximal dendrites, and distal dendrites, as diagrammed in ade et al. 1987) and in animal models of absence epilepsy Fig. 1 . Each compartment had a membrane capacitance, C m Å 1 (Avanzini et al. 1992; Inoue et al. 1993) . A number of mF/cm 2 , axial resistance of 260 V/cm, and a leak current with neuroactive agents can modulate reticular (RE) neuron ac-conductance, g leak , and equilibrium potential, E leak . The leak was tivity and thus strongly influence thalamic (and presumably assumed to result from a parallel conductance with Na / and K / thalamocortical) rhythm generation (Cox et al. 1997 ; Lee components (E Na Å /58 mV and E K Å 0105 mV). We used E Na , and McCormick 1996 McCormick , 1997 CCK receptors are present in RE (Peleprat et al. 1987) , and Inward rectification is observed commonly in RE neurons both CCK profoundly modulates the duration of intrathalamic in vivo (Mulle et al. 1986 ) and in vitro (Contreras et al. 1993;  oscillations in vitro (Cox et al. 1997) . This suggests that an McCormick and Prince 1986) . To model rectification, we introunderstanding of CCK's actions on thalamic neurons may duced a hyperpolarization-activated, mixed cationic current, I h , in elucidate regulatory mechanisms for intrathalamic oscilla-the soma. For the purposes of these simulations we assumed that tory activity. tions. In Fig. 2A are shown intracellular recordings from an RE neuron during current injection, and Fig. 3 , A and B (top: noisy traces), shows ramp I-V curves from two voltage-clamped RE neurons. Inward rectification is evidenced by the following: 1) in Fig. 2A , although the amount of current injected on successive traces differs by a fixed increment, the distance between successive traces becomes smaller at more hyperpolarized potentials, i.e., the incremental hyperpolarization resulting from a fixed increment of current is decreased; 2) also in Fig. 2A , the membrane time constant becomes shorter at more hyperpolarized potentials; and 3) the experimental I-V curves shown in Fig. 3 , A and B, FIG . 1. Geometry of a 3-compartment model reticular (RE) neuron. become more steep at increasingly hyperpolarized potentials.
Three compartments, which represent the soma, proximal dendrites, and
These observations all suggest that RE neurons contain a distal dendrites, had the following dimensions: length Å 34 mm and diameter Å 14 mm (soma); length Å 103 mm and diameter Å 5.6 mm (proximal hyperpolarization-activated current. Furthermore, the effects dendrites); length Å 191 mm and diameter Å 3.1 mm (distal dendrites). of this current become evident within 20 ms in Fig. 2A . This This 3-compartment model had been generated from an 80-compartment suggests that inclusion of an instantaneous hyperpolarizamodel by collapsing several dendritic compartments into equivalent cylin-tion-activated current in our model RE neurons is physiologiders.
cally reasonable.
The voltage dependence of I h was described using the standard
Comparison of physiological data to models with CCK

Boltzmann equation
effects localized in different compartments.
We fitted ramp I-V curves from two RE neurons (Cox et al. 1995) . For each neuron, two I-V curves (1 each in the Based on earlier mathematical analysis of I h in thalamic relay presence and absence of CCK) had been obtained. The conneurons, we assumed N Å 1 (Huguenard and McCormick 1992). trol responses for each neuron were fitted by adjusting six This current would functionally be very similar to an inwardly model parameters (g leak , V rest , g h , E h , V 1/2 , and k) using rectifying potassium current (cf Williams et al. 1988 ).
the downhill simplex method. The parameters obtained are We simulated voltage-clamp recordings from model RE neurons. shown in Table 1 and remained fixed through all subsequent the absence of CCK agonist (control). Both simulated I-V curves have the characteristic appearance of the intracellularly recorded curves, becoming more steep at hyperpolar-R E S U L T S ized potentials. Thus the simulated effects of our simplified I h are consistent with intracellular data. This confirms the Initially we compared results from the 80-and 3-compart-adequacy of our six-parameter model for RE neurons. ment models and found no significant differences. Therefore Using the parameters obtained by the simplex fitting of all of the following results are from the three-compartment the control I-V curve, we simulated CCK application to both model. model RE neurons in four different ways: first, we reduced g K in all compartments equally; second, we selectively reduced somatic g K , but not dendritic g K ; third, we reduced Inward rectification in RE neurons g K by an equal amount in both dendritic compartments but left somatic g K unchanged; and fourth, we decreased g K in RE cells in rat typically exhibit rapidly activated inward rectification as has been observed in cat (Contreras et al. only one of the two dendritic compartments. We found that decreasing g K in the proximal dendritic compartment pro-1993; Mulle et al. 1986 ) and in guinea pig (McCormick and Prince 1986) . As this rectification occurs in a voltage range duced the same results as decreasing g K in the distal dendritic compartment and hence will not elaborate on the results of that overlaps with that expected for the potassium equilibrium potential, it was necessary to characterize the voltage decreasing g K unequally in the two dendritic compartments.
Each of the remaining three conditions is characterized dependence of rectification for the purposes of the simula-
FIG . 2. Responses of an actual (A)
and simulated (B) RE neuron to current injection. In both A and B, the amount of current injected during successive traces differs by a fixed increment (30 pA), but the incremental hyperpolarization in response to a fixed increment of current becomes smaller at more hyperpolarized potentials (õ 075 mV) and the membrane time constant becomes faster. * Membrane charging curves near 070 mV (time constants were 30 and 21 ms in A and B, respectively); ** 095 mV (time constants were 16 and 10 ms in A and B, respectively).
by one parameter, the amount by which g K was decreased, error as a function of z (0 õ z õ 1). For each model RE neuron, the optimal z and minimal error are presented in hereafter denoted z, i.e. g K (CCK) Å (1 0 z)*g K (Control). Therefore for each condition, we found the summed squared Table 2 for CCK agonist suppression of g K in either all compartments, the somatic compartment only, or the dendritic compartments only. These results demonstrate that our model requires dendritic CCK effects to accurately simulate the experimentally obtained I-V curves. Figure 3A (middle and bottom) compares the experimental I-V curve for RE neuron 1 obtained in the presence of CCK to simulated I-V curves for which CCK effects were expressed either in all compartments equally with z Å 0.18, or only in the soma with z Å 0.99. Figure 3B (middle and bottom) shows corresponding data for RE neuron 2.
To further examine the conditions under which suppression of g K in model RE neurons can simulate the experimentally observed effects of CCK, we also used the simplex algorithm to select amounts of g K suppression in each compartment that minimized the difference between the simulated I-V curves and the I-V curves recorded intracellularly in the presence of CCK. Again, all other parameters had been obtained by simplex fitting of the control I-V curves. For both model RE neurons and all initial conditions tested, the simplex algorithm converged to states in which the suppression of g K , averaged over the proximal and distal dendrites, was as large or larger than the somatic suppression of g K . This strengthens the conclusion that in our model CCK For each reticular (RE) neuron, the downhill simplex algorithm converged responses could not reproduce experiment results when the effects of CCK to parameters that produced the best fit to the control [no cholecystokinin were limited to the soma (99% suppression of somatic g K / ).
(CCK)] I-V curve of that cell. Parameters are defined in the text. and thus experience a membrane potential that tends to remain close to the resting potential even as the voltage clamp
For each RE neuron, we simulated varying amounts of g K suppression and compared the resulting I-V curve with the I-V curve that had been drives the soma to increasingly hyperpolarized potentials. recorded intracellularly during CCK application. z is the fraction by which Finally, I h becomes activated at hyperpolarized membrane g K was suppressed. For each RE neuron, the z that produced the best fit to potentials, increasing the membrane conductance and opposthe intracellularly recorded I-V curve and the corresponding amount of error ing further hyperpolarization of the membrane potential.
are shown for three cases: g K suppressed in all compartments equally, g K The standard deviation of E CCK measured experimentally suppressed in the dendrites only, and g K suppressed in the soma only. The minimal error is much higher when only somatic g K is suppressed than in was high (Cox et al. 1995) , suggesting that some RE neuthe other two cases, demonstrating that our model requires suppression of rons have a reasonable E CCK (i.e. E CCK ӷ E K ), whereas others dendritic g K to accurately simulate the effects of CCK observed in vitro.
do not. This variability may reflect variability in the three factors just discussed, e.g., variable amounts of hyperpolarmust suppress dendritic g K to produce its experimentally ization-activated current in different RE neurons, different observed effects.
positions of the clamping electrode, etc. Intracellular recordings from rat locus coeruleus neurons suggest that opiates activate a potassium current, but the Effect of series resistance and I h experimentally determined reversal potential of the opiateactivated current is hyperpolarized significantly relative to To study effects of the series resistance of the voltage expected E K (Williams et al. 1988) . These results are similar clamp electrode, we compared the reversal potential of the to those of Cox et al. (1995) in many ways. The neurons CCK response in our standard model (RE cell 1 with R s Å were inwardly rectifying, ramp I-V curves were determined 10 MV: E CCK Å 0125 mV) to that in models with R s Å 5 via single-electrode voltage-clamp methodology, and opiate MV (E CCK Å 0116 mV) and R s Å 20 MV (E CCK õ 0130 effects were thought to occur through activation of dendritic mV). To determine how I h affected the reversal potential of receptors. Thus the same three factors that we propose hyperthe CCK response, we compared I-V curves during a simupolarize E CCK (inward-rectification, drug actions on K / lated voltage ramps of RE neuron 1 in the presence or abchannels in electrotonically distant parts of the cell, and sence of I h (but otherwise identical conditions). The CCK series resistance of the clamping electrode) also could acresponse reversed around 0125 mV when we included I h count for the hyperpolarized reversal potential of the opiatebut around 0118 mV when I h was absent. Thus I h can sigactivated current. nificantly hyperpolarize the apparent reversal potential of Although we attributed the inward rectification of RE neuthe CCK response.
rons to a rapidly activating I h -type current, any increase in conductance at hyperpolarized potentials would affect E CCK D I S C U S S I O N similarly. For example, an inwardly rectifying potassium current would similarly hyperpolarize E CCK in RE neurons.
Relationship to earlier experimental work
Earlier experiments suggested that the CCK agonist, Could inaccurate estimates of series resistance have CCK8S, suppresses K / conductance in RE neurons but also altered the results? found that the reversal potential for the CCK8S response was significantly more hyperpolarized than E K (Cox et al.
We found that suppression of g K in the dendritic compartments of model RE neurons was necessary to simulate the 1995). The results reported here help to explain these findings by demonstrating that the effects of suppressing passive experimentally observed effects of CCK. However, it is possible that the actual series resistance of the voltage clamp K / conductance may have an apparent reversal potential that is significantly hyperpolarized relative to E K . Three electrode in experiments was not 10 MV, as we had assumed, and that had we used the actual value for R s , our model mechanisms contribute to this apparent hyperpolarization: series resistance of the voltage clamp electrode, effects of would have accurately simulated I-V curves even when CCK only suppressed g K in the soma. The following observations CCK8S on dendritic K / channels, and I h in RE neurons. These three mechanisms all hyperpolarize the reversal po-suggest that R s Å 10 MV was reasonably close to the actual value and that other experimentally reasonable values would tential for the CCK8S response by rendering the voltage clamp less effective, especially at hyperpolarized potentials, not have changed our conclusion about dendritic CCK effects. so that the actual membrane potential in the vicinity of K / channels is more depolarized than the clamp's command First, although we chose values of g leak , V rest , g h , E h , V 1/2 , and k to minimize the difference between simulated voltage. As a result, the actual membrane potential near K
